We identify [Rb IV] 3+ /H + abundances found from this line and the 5759.55Å feature in NGC 7027. Elemental Rb, Cd, and Ge abundances are derived with ionization corrections based on similarities in ionization potential ranges between the detected ions and O and Ne ionization states. Our analysis indicates abundances 2-4 times solar for Rb and Cd in both nebulae. Ge is subsolar in NGC 7027, but its abundance is uncertain due to the large and uncertain ionization correction. The general consistency of the measured relative s-process enrichments with predictions from models appropriate for these PNe (2.0-2.5 M ⊙ , [Fe/H] = −0.37) demonstrates the potential of using PN compositions to test s-process nucleosynthesis models.
INTRODUCTION
Planetary nebulae (PNe) mark the transition of asymptotic giant branch (AGB) stars to white dwarfs in low-and intermediate-mass (1-8 M ⊙ ) star evolution. Their compositions bear the signatures of nucleosynthesis and mixing events during the AGB. In particular, He, C, N, and elements formed by slow neutron(n)-capture nucleosynthesis (the s-process; atomic number Z > 30) can be enriched in PNe (Busso et al. 1999; Herwig 2005; Karakas & Lattanzio 2014) .
The low cosmic abundances of n-capture elements (Asplund et al. 2009 ) rendered them elusive to detection in astrophysical nebulae until Péquignot & Baluteau (1994) identified emission lines of several trans-iron species in the optical spectrum of the PN NGC 7027. However, the deep, high-resolution spectra needed to unambiguously identify optical n-capture element lines (Sharpee et al. 2007; Otsuka et al. 2011; García-Rojas et al. 2015) restrict such studies to relatively bright PNe.
The near-infrared (NIR) spectral region has proven more fruitful for studies of s-process enrichments in a large number of PNe. Dinerstein (2001) Sterling et al. 2015) in these objects.
In this Letter, we identify [Rb IV] 1.5973, [Cd IV] 1.7204, and [Ge VI] 2.1930 µm for the first time in PNe. To our knowledge, the only previous detections of the Rb and Cd features were marginal: Zhang & Kwok (1992) found a very weak line at 1.721 µm in IC 5117, while Hora et al. (1999) detected a feature at 1.597 µm at the 1.5-σ level in NGC 7027.
The detection of Rb and Cd are of particular note. Rb enrichments are sensitive to the s-process neutron density and hence the neutron source (α-captures onto 13 C or 22 Ne) and initial stellar mass (García-Hernández et al. 2006; van Raai et al. 2012) . Cd lies beyond the first s-process enrichment peak, and its abundance relative to lighter n-capture elements can be used to constrain the time-averaged neutron flux in the AGB progenitors of PNe (e.g., Busso et al. 2001) . These detections therefore provide new means to investigate the characteristics of s-process nucleosynthesis in PN progenitor stars.
OBSERVATIONS AND ANALYSIS
The spectra were obtained with the Immersion GRating INfrared Spectrometer (IGRINS) on the 2.7-m Harlan J. Smith Telescope at McDonald Observatory. IGRINS provides complete simultaneous coverage of the H and K bands (1.45-2.45 µm) at spectral resolution R ≈ 40, 000 (Park et al. 2014) . The fixed slit is 1 ′′ × 15 ′′ on the sky. IC 5117 was observed on 2014 September 9 with an E-W slit orientation for a total integration time of 40 minutes. The source was nodded along the slit to maximize observing efficiency. NGC 7027 was observed on 2014 October 23, with the on-source integration time totaling 18 minutes. The slit was oriented along the major axis of the PN (PA 60
• E of N), with sky frames collected by nodding off the target for this more spatially extended PN.
The data were processed with the IGRINS Pipeline Package 3 written by J.-J. Lee, after removal of cosmic rays. We used ThAr arc lamps for wavelength calibration, with a small correction from OH sky lines. Barycentric and systemic velocity shifts were removed using nebular lines with precisely known wavelengths. A0V standards were observed at similar times and airmasses as the targets for relative flux calibrations and telluric corrections. See Kaplan et al. (in preparation) for further details.
For NGC 7027, the flux-calibrated 2D data were transformed to position-velocity space with 1 km s −1 -wide pixels before extraction of line fluxes. The position-velocity diagrams for the trans-iron element lines are shown in Figure 1 , along with the apertures used for flux extraction. Line fluxes were measured by summing all pixels within each aperture and subtracting the median value of pixels within 100 km s −1 of the line but outside the aperture. Since IC 5117 is essentially a point source, its spectrum was optimally extracted in 1D, transformed to velocity space, and line fluxes found by summing the flux above background for pixels within ±50 km s −1 of the line center. Figure 1 . We used the Atomic Line List v2.05b18 5 to search for alternate identifications within ±10Å of the detected features. We considered permitted features of ions in the first three rows of the Periodic Table, and forbidden transitions with upper-level excitation energies less than 10 eV. No molecular transitions match the wavelengths of these features, and telluric features can be readily distinguished from nebular lines at our spectral resolution. Cd is predicted to be highly enriched by s-process nucleosynthesis models (e.g., Cristallo et al. 2015) . Cd 3+ has a 4d 9 ground configuration with two levels separated by 5812.6 cm −1 (Joshi & van Kleef 1977) , corresponding to a wavelength of 1.7204 µm. Its IP range is 37. (Hyung et al. 2001) . It is therefore reasonable that [Ge VI] is seen in the spectrum of NGC 7027 but not in IC 5117. Note. -Neutron-capture element line fluxes relative to nearby H I lines are given, as are ionic abundances, ionization correction factors, and elemental abundances relative to solar (Asplund et al. 2009 ). Vacuum wavelengths in µm are used for NIR lines, and air wavelengths inÅ for optical transitions. .
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b From Sharpee et al. (2007) , with the average of the He II λλ5757.02, 5762.64 intensities subtracted from the observed intensity to account for contamination from He II λ5759.74.
Ionic and Elemental Abundances
We compute ionic abundances (Table 1) relative to H + using nearby H I lines, assuming an electron temperature T e = 12600 ± 500 K and density n e = 52300 cm −3 for NGC 7027 (Zhang et al. 2005) , and T e = 11800 ± 300 K and n e = 89000 cm −3 for IC 5117 (Hyung et al. 2001) . Error bars for the ionic abundances include uncertainties in n e (assumed to be 20%), T e , and line fluxes; the latter dominates the uncertainties due to the weak dependence of these transitions on temperature and density. We utilize the transition probabilities of Biémont & Hansen (1986) Our [Rb IV] collision strengths can be tested by comparing the strength of the 1.5973 µm line to the 5759.55Å transition. The optical line was detected in NGC 7027 (Sharpee et al. 2007 ), but not IC 5117 (Hyung et al. 2001) . From the 1.5973 µm intensity, we predict the intensity of [Rb IV] 5759.55Å in NGC 7027 to be (1.32 ± 0.13) × 10 −4 relative to Hβ, using the theoretical H I Br15 to Hβ ratio (Storey & Hummer 1995) at T e = 12600 K and n e = 52300 cm −3 . We estimate the contribution of He II λ5759.74 to the optical feature's measured flux by averaging the fluxes of the adjacent He II λλ5762.64 and 5757.02 lines. After correcting for the blended He II line, the residual [Rb IV] 5759.55Å intensity is (1.68 ± 0.43) × 10 −4 . The predicted and observed intensities agree within the uncertainties, supporting the accuracy of our collision strength calculations and the identification of the 1.5973 µm feature as [Rb IV].
To derive elemental abundances (Table 1) , unobserved ions must be accounted for via "ionization correction factors" (ICFs). Reliable ICF prescriptions require accurate photoionization cross sections and recombination rate coefficients, but these data are currently unknown for Rb, Cd, and Ge ions. We therefore adopt ICFs based on similarities in IP ranges: ICF(Rb, Cd) = Rb/Rb 3+ = Cd/Cd 3+ = O/O 2+ and ICF(Ge) = Ge/Ge 5+ = Ne/Ne 4+ . In the absence of reliable atomic data, it is difficult to quantify the effects of uncertainties in the adopted ICFs and the collision strengths for [Ge VI] and [Cd IV] on the abundance determinations. Based on the uncertainties in the Se and Kr abundances (0.1 dex), we roughly estimate uncertainties of 0.2 dex for Rb, 0.3 dex for Cd, and 0.5 dex for Ge (whose ICF is large and very uncertain).
The O 2+ , Ne 4+ , Kr 2+ , and Se 3+ ionic fractions required to estimate ICFs were extracted from Cloudy models of NGC 7027 and IC 5117 . Our derived Kr and Se abundances agree with the empirical values found by Sterling et al. (2015) to within 15%. The Rb and Cd abundances are larger than solar (Asplund et al. 2009 ) in both PNe by amounts (0.3-0.6 dex) similar to those of Se and Kr. The nominally subsolar Ge abundance in NGC 7027 is not a firm result due to the large and uncertain ICF caused by the fact that Ge 5+ is a minority species. Depletion into dust may also be a factor for this moderately refractory element (Lodders 2003) .
Depletion is unlikely to affect Cd due to its low condensation temperature (652 K; Lodders 2003) and mild depletion in the diffuse interstellar medium (Sofia et al. 1999 ). The situation is less clear for Rb, which has a condensation temperature of 800 K. Other alkali elements such as Na and K are depleted by factors of 2-4 in PNe (Pottasch et al. 2009; García-Rojas et al. 2015) , including NGC 7027 (Bernard Salas et al. 2001) . But Na and K have higher condensation temperatures (950-1000 K) than Rb. We conclude that Rb may be depleted, but probably by less than a factor of two (the typical depletion of Na in PNe).
Comparison With Models
Including optical Xe detections (Sharpee et al. 2007; Hyung et al. 2001) , 5-6 n-capture elements have been detected in NGC 7027 and IC 5117. This allows for a systematic comparison of the observed enrichment patterns with theoretical predictions. We compare our results with models from the FRUITY database (Cristallo et al. 2011 (Cristallo et al. , 2015 6 , which samples initial stellar masses in the range 1.3-6.0 M ⊙ and metallicities Z = 0.001-0.020. We select the models with Z = 0.006, which corresponds to [Fe/H] (Smith et al. 2014 ).
In Figure 2 we plot predicted FRUITY final envelope abundances (Cristallo et al. 2015) for AGB stars of initial mass 1.5-3.0 M ⊙ and metallicity Z=0.006. The overall n-capture enrichments first increase with mass, peaking at 2.0-2.5 M ⊙ , then decrease. We also plot the derived n-capture element abundances for NGC 7027 and IC 5117 (Ge is not shown due to its uncertain abundance). We adopt [Xe/Ar] = 0.92 for NGC 7027 (Sharpee et al. 2007) . For IC 5117, we use the transition probabilities of Biémont et al. (1995) and collision strengths of Schöning & Butler (1998) Hyung et al. (2001) . Assuming that Xe 3+ /Xe ≈ Ar 3+ /Ar, we find Xe/H = 3.12 × 10 −9 or [Xe/H] = 1.25, with an estimated uncertainty of 0.2 dex due to the approximate ICF.
The theoretical curves represent [X/Fe], while the measured abundances are given as [X/H]. To convert the latter to [X/Fe] one would have to add 0.37 to [X/H] for each data point, which would raise the measured abundances above the predicted values. However, the absolute abundances at the end of the thermally-pulsing AGB vary substantially among different sets of models for the same mass and metallicity, due to different treatments of mass loss, mixing at convective interfaces, and the number of thermal pulses before envelope ejection (Karakas & Lattanzio 2014) . Therefore the measured abundances should be compared with the relative enrichments in Figure 2 .
The relative Se, Rb, and Xe enrichments are consistent with an initial mass of 2.0-2.5 M ⊙ for NGC 7027, in agreement with estimates of ∼ 2.5M ⊙ based on its central star and nebular masses (Zijlstra et al. 2008; Santander-García et al. 2012) . The Se and Rb abundances of IC 5117 suggest a lower initial mass, as expected based on its central star mass (Hyung et al. 2001) . Interestingly, the measured Kr abundances are higher than predicted for both objects, as is the Xe abundance for IC 5117. The reason for these discrepancies is unclear, especially since the Kr abundances are well-constrained given the detection of multiple Kr ions in each object (e.g., Sterling et al. 2015) . The derived abundance for Cd is not in agreement with theoretical predictions, most likely due to inaccuracies in our adopted [Cd IV] collision strength and ICF.
Ratios between enrichments of elements in the first ("light," or ls) and second ("heavy," or hs) s-process peaks are less sensitive to uncertainties in the physics of AGB models than absolute abundances. However, indices such as [hs/ls] used for studying s-process nucleosynthesis in stars are based on elements that cannot be measured reliably in nebulae, for reasons including depletion into dust. In nebulae, the ls peak is represented by Ge through Rb, while only Cd and Xe (and perhaps Ba; Péquignot & Baluteau 1994) have been detected among the elements beyond this peak. As we extend the sample of observed nebulae to include a wider range of initial stellar mass and metallicity, we plan to test the dependence of s-process enrichments on these parameters, and compare measured enrichments with different sets of nucleosynthesis models.
SUMMARY
We identify NIR [Rb IV], [Cd IV], and [Ge VI] emission lines in the spectra of the PNe NGC 7027 and IC 5117. The identification of Rb is important due to the sensitivity of its enrichment to the s-process neutron density and hence progenitor mass. Since Cd lies beyond the first ("light") s-process peak, its abundance relative to light n-capture elements is sensitive to the time-averaged neutron flux experienced by Fe nuclei during the s-process.
We derive ionic abundances using newly-computed effective collision strengths for [Rb IV] (see Appendix) and estimated collision strengths for [Cd IV] and [Ge VI]. The identification of [Rb IV] 1.5973 µm is strengthened by the agreement between the Rb 3+ /H + abundance found from this line and an optical [Rb IV] feature at 5759.55Å. We derive elemental abundances for Rb, Cd, and Ge based on similarities between the IP ranges of the detected ions and O 2+ and Ne 4+ . The Rb and Cd abundances are factors of 2-4 greater than solar, comparable to Kr and Se. Ge is subsolar by about a factor of two in NGC 7027, due to the uncertain ICF and/or depletion into dust. The abundances relative to H are approximately a factor of two larger than predicted by FRUITY models (Cristallo et al. 2015) , but the relative enrichments are in reasonable agreement. The Cd abundances nominally fall below the theoretical curves, but are highly uncertain due to the current lack of atomic data. Kr and Xe appear to be slightly more enriched than predicted by this set of models, an effect that merits further investigation. These identifications provide new tools for studying sprocess enrichments in PNe, and demonstrate the potential for using the growing number of n-capture elements detected in PNe to constrain and improve theoretical models of AGB evolution and nucleosynthesis.
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